Engineering of nuclear fuels using monolithic plates of uranium-molybdenum and Al-6061 cladding is the current challenge for research and test reactors. The main drawback of the manufacture of monolithic nuclear fuel was analyzed using two surface coating methods: aluminum sputtering and transient liquid phase bonding (TLPB). Coating was done with a commercial alloy of Al-Si (R-4047). These techniques were used to improve the metallurgical bonding between the UMo and the cladding by rolling. Finally, design parameters and manufacture of UMo plate fuels were established. Mechanical tests were used to characterize the plates, resulting in UTS values of about 700 and 1000 MPa for the UMo alloys. These results are complemented with metrological analyses, X-Ray diffraction (XRD), thermal analyses, and metallography. X-rays and ultrasound scanners were used to monitor bonding and the co-rolling effects. These initial results show the main obstacles to the engineering development of UMo monolithic plate fuels with Al-6061 cladding, and these are discussed herein.
Introduction
The terms of the international nuclear non-proliferation program have raised interest in the development of low-enriched uranium fuels (<20% 235 U) with fissile load densities similar to those of enriched fuels [1] . The alloy of uranium and molybdenum has shown itself to be a viable material for these purposes [1] - [3] . In fact, as
Experimental Procedure

Alloy Preparation
The initial natural uranium was cleaned chemically in a technical grade HNO 3 acid solution, placed in an alumina crucible and taken to fusion temperature under a controlled atmosphere in an induction oven. Subsequently, each sample was adjusted metallurgically with Mo and cast in a closed "pseudo-Dourville"-type ingot mold of conditioned graphite.
Later, the ingots that were obtained were reheated at 950˚C for 24 hours in a vacuum (10 −5 Torr) and slowly cooled in a reducing argon atmosphere, in order to homogenize the microstructure of the ingots and to induce the transformation of the residual alpha phase, located on the grain boundary, in phase γ metastable stabilized with Mo [4] ( Table 1) .
Obtaining U and UMo Plates
These ingots were covered with an yttrium oxide and ethanol emulsion in order to avoid metallic adherence and interaction in the hot-rolling process. The alloys were isolated from the oxidizing environment through total encapsulation in low carbon steel that was sealed on the edges by TIG welding. 
1) Hot Rolling
The observations of Sease et al. [21] were considered for the subsequent rolling process. These authors recommended intermediate reheating stages between the rolling steps to avoid the occurrence of hardening mechanisms caused by deformation in the UMo alloy, which would reduce the ductility of the material. In this phase, hot-rolling is done during reheating stages in a resistance oven; see Table 2 for the process program.
Deformations of 80% to 96% total reduction were obtained in the steel-alloy-steel kit. During hot-rolling, these deformations were monitored metrologically during each fifth stage of reduction ( Table 3) .
2) Cold-Rolling For cold-rolling, the surfaces of the U and UMo plates were cleaned to completely eliminate the yttrium oxide. The U and UMo plates were again encapsulated separately within stainless steel envelopes (grade 304). This protects the rollers and avoids any possible contamination by exogenous factors associated with the handling of the components. In this stage, the reductions do not surpass 3% in per rolling, for total reduction values of 7% to 14%.
Aluminum Sputtering and Co-Rolling
Finally, we used hot co-rolling to achieve a bond between the UMo plate and the alloy Al-6061 cladding. Prior to this technique, the adhesion of the interfaces was improved by covering each plate of the UMo alloy indistinctly with approximately 300 nm of metallic aluminum by sputtering. Later, the UMo alloy was encapsulated between two plates of Al-6061, as shown in Figure 1 .
To avoid the allotropic transformation of the gamma phase (BCC) during the co-rolling process and the fusion of the Al-6061 cladding, a rolling temperature of 450˚C was used [22] [23] . In this process, each step reduced the thickness by 10% and, as in the process used to obtain the UMo plates, intermediate reheating was done between each stage.
TLPB and Co-Rolling
We proposed using the TLPB method to bond the U-7% Mo alloy plate with the alloy Al-6061 cladding, covering the UMo surface with aluminum and a commercial alloy of Al-Si Argenta TIG AL-194 (AWS R-4047). To compensate for the thickness of the cladding plates, one of the plates was reduced by the equivalent of the thickness of two plates of the Al-Si alloy (300 µm per plate) plus one plate of the UMo alloy (440 µm). Finally, we put the kit of materials together as shown in Figure 2 . Two assays were carried out to study the bonding of the U7Mo-Al6061 systems. The first consisted of two stages: a TLPB treatment followed by the co-rolling of the set (Figure 2 ). For the second assay, co-rolling was simultaneous with a TLPB treatment.
Results and Discussion
Metal adhesion did not occur when the ingots of metallic uranium and UMo alloys were encapsulated in low carbon steel plates and yttrium oxide was incorporated. This allowed noticeably positive hot-rolling ( Figure 3) .
1) Metallic Uranium
In general terms, the production of uranium foil by rolling methodology was carried out successfully. Regarding to the results obtained, using the same procedures, in Indonesia and ANL-USA, the uranium foil manufactured at CCHEN had very lower thickness, even compared with the values reported by J. Taub et al. [24] . These foils present very acceptable surface quality and very regular thicknesses. Due to this, just few cold rolling passes will be enough to obtain uranium foils under specifications in terms of roughness and surface quality. The surface quality of foils fabricated at CCHEN does not exhibit surface defects as the reported by Kim et al. [25] .
The X-ray films revealed that, during hot-rolling, the metallic uranium in the FUN-01 ingot (rolled lengthwise, in the casting direction) behaved better when elongated, allowing reductions exceeding 95%. The reductions of the FUN-02 plate (rolled transverse to the casting direction), however, were lower than expected ( Table 2) . Therefore, we can say that the dendritic structure of the casting is exclusively dependent on the texture. According to the mechanical tests, the FUN-01 plate presented an ultimate strength about to 392 MPa, whereas the FUN-02 plate presented an ultimate strength about to 479 MPa, both strength values are lower than the reported for metal uranium rolled and annealed [24] . The most interesting of these results was the maximum lengthening of the FUN-01 plate by rolling; this obtained an elongation of 2394%, whereas FUN-02 reached only 1711% elongation (Figure 4) .
These results show that the maximum performance that can be obtained from metallic uranium in the rolling process is significantly affected by the direction of casting with respect to that of rolling. Whereas rolling transverse to the casting direction increases strength to deformation, rolling in the casting direction results in the maximum stretching of the plates.
2) Uranium-Molybdenum Alloys The main result of this study was the technological development of UMo monolithic plates having a thickness of 400 to 500 µm through hot-rolling, with reductions of 85% to 87%, a clean surface, and without apparent rugosity. This confirms that the encapsulating technique reported by Idaho National Laboratory INL [26] [27] is apt for obtaining thin plates of UMo alloys ( Table 4) . Figure 5 shows the heightened tensile strength of the cold-rolled alloys. According to the tensile tests, the ultimate tensile strength in hot-rolling of the U7Mo alloy was 713 MPa, whereas the ultimate tensile strength in cold-rolling step was slightly higher (764 MPa), with a 10% reduction in thickness. On the other hand, the ultimate tensile strength of the U10Mo alloy was 972 MPa in hot-rolling and 1092 MPa in cold-rolling, with a reduction of 12.32% in thickness. Evidently, the greater molybdenum content of the U10Mo alloy is reflected in greater tensile strength.
Observations using DRX reveal that UMo alloys of castings present the Im3m (229) crystal structure of the γ phase of uranium [28] , prevalently oriented to the plane (110) (Figure 6(a) ). The U10Mo-4 sample presents a slight increment in the amplitude at the base of the diffraction peaks, which could be due to that fact that it presents more structural inhomogeneities due to different thermal gradients during the cooling process of the casting.
The hot-rolling process was performed according to the casting direction in two distinct samples, as follows: U10Mo, casting direction and U10Mo-4, transverse casting direction. The hot-rolling of the sample U10Mo1 produced a rotation of the crystal distribution of the plane (110) to a new orientation of the plane (211) and (200), as observed in Figure 6(b) . The subsequent cold-rolling process of the alloy U10Mo resulted in a reduction in thickness of around 12.32%. Again, this produced an important change in the crystal distribution, returning it to the distribution of orientation of the planes (110) and sustaining the planes (211) (Figure 7) . Hot-rolling over the ingot of the U10Mo-4 alloy also produced a slight rotation of the crystal distribution of the planes (110) towards the planes (200) and (211).
The cold-rolling of alloy U10Mo-4, with a reduction of 7.24%, induced the reorientation of the crystal dispositions to the planes (110) as well as the reduction of the intensities of the planes (200) and (211); similar phenomena were produced in the alloy U10Mo-1. Using DRX, we can deduce that hot-rolling the alloy U-Mo in the casting direction favored the crystalline planes (110) and (211) and that hot-rolling in the transverse casting direction favored the texture of the plane (211). The literature reports that metallic materials with the crystal structure BCC tend to form a fibrous texture, particularly the alpha type [29] [30] , and tend to maintain orientations from (110) to (211) in the rolling process when no precipitation of some other compound is produced [31] In terms of texture, the distribution of orientation of the polycrystals in the alloy U10Mo of the thin plates does not change significantly after hot-and cold-rolling. Rather, the stability of the alloy favors a displacement of the crystal planes between (110) and (211). Likewise, the parameters of the crystal cell were optimized using the Rietveld method (Topas v3, Bruker AXS), obtaining respective values of 3.430 (U10Mo) and 3.454 Å (U10Mo-4). Hot-rolling resulted in crystal cells with a value of 3.420Å (both castings) and cold-rolling gave values of 3.427 (U10Mo) and 3.421 Å (U10Mo-4). The difference in values from the casting of the material to the last process could be due to the accommodation of the crystal dispositions in the hot-rolling process and finally, a slight tension in the superficial crystal lattice caused by cold-rolling.
3) Aluminum Spputering and Co-Rolling the U-Mo Alloy The co-rolling technique was done using plates of the alloy U7Mo. These plates were prepared in order to obtain good surface coverage, that is, a substrate of around 300 nm of pure aluminum through the process of sputtering. Previously, the Al-6061 cladding were pickling to assure a clean surface and to favor effective metallurgical adhesion in the co-rolling processes (Figure 1) . The co-rolling process was initiated by reheating the kit at 450˚C for 1 hour and, later, reductions of 10% were obtained with each step of hot-rolling. The X-ray analysis of the co-rolled kits revealed multiple fractures in the UMo plates within cladding (Figure 8) .
These results are inappropriate for the technological objectives of plate fuels mainly because of two factors in the process: 1) the low ratio of plastic deformation of the UMo to that of the cladding (Al alloy) and 2) the high sensitivity to the speed of deformation of the UMo with respect to the cladding materials (Al alloy). On the other hand, the lack of bonding resulted in swelling, and the occluded air caused the volume to increase at the process temperature. To obtain a better performance of the formability of the U-Mo alloy, it may be necessary to work at higher temperatures that exceed the isothermal transformation curves of the UMo alloy, thereby avoiding the transformation of the metastable gamma phase. According to the reported by Clark et al. [18] , a thin layer of other element between the surface of UMo foil and the structural aluminium cladding (Zr at INL and Al at CCHEN) may produce reaction products, which induces an embrittlement in the alloy during the fuel plate manufacturing. In the case of this work, is more critical due to the thermomechanic process applied for the bonding of the fuel plate components.
The ultrasound sweep allowed us to confirm the lack of bonding of the fuel plates. Figure 9 clearly shows all the defects from this part of the study related to this technique. The amplitudes are graphically expressed in relation to the metallic interaction. From another point of view, the substrate of 300 nm of Al incorporated over the surface of the U7Mo alloy was apparently insufficient for making optimum contact during the co-rolling process.
4) TLPB Process
For the TLPB study, we prepared multi-plate assemblages as indicated in Figure 2 . Moreover, to assure contact between the multi-plates, we placed four rivets in the periphery of the fuel material. Finally, the entire contour was sealed using unsupported TIG welding around all the edges. Figure 10 shows the assembled, welded set and the location of the UMo plate and the alloy Al-Si plates within the cavity.
The thermal analysis was done to verify the main points of thermodynamic change and the interaction of the alloys under the effect of the high temperatures. In the Differential Scanning Calorimetry analysis (DSC) (Figure 11) , we observed an endothermic reaction around 582˚C that corresponded to the fusion of the alloy Al-Si. Likewise, a second endothermic reaction around 640˚C corresponded to the fusion of the Al-6061. Subsequent increments of the temperature revealed accelerated oxidation of the metallic elements. Given a known fusion temperature for the alloy Al-Si, the sets were subjected to gradual heating in a resistance oven under conditions similar to those used in the DSC analysis. This formed a transient liquid of the alloy Al-Si between the plates. Table 5 shows the temperatures, times, and final state of the TLPB process.
Once the TLPB treatment was performed, the sets were analyzed through Ultrasonic Scanning conducted by immersion. The images in Figure 12 and Figure 13 indicate that the TLPB process applied to the sets TL-01 and TL-02 results successful, it mean that the interfaces Al-6061/Al-Si/U7Mo were bonded. Nevertheless, this cohesion was produced on the opposite face to the machined Al-6061 cladding, as is shown in the Figure 13(b) . Besides, during the co-rolling process, the set TL-01, with a total reduction applied of 62%, exhibits fragmentation of U7Mo foil, shown in the cross section and radiography of Figure 12 .
The results of the six-hour TLPB treatment of sets TL-03 and TL-04 were not good. The set TL-03 presented only partial bonding of the interfaces and the set TL-04 did not bond (Figure 14, Figure 15 ). The fact that these two kits did not bond is apparently due to the fact that the alloy Al-Si remained in a liquid state for a long time and propagated over the surface, exiting the reduced area of the cladding Al-6061. In the co-rolling stage, the sets were worked at a temperature of 570˚C in order to assure the gamma phase during the hot-rolling process. Table 6 summarizes the main results of the co-rolling stage. These were done with intermediate reheating between each reduction stage, as were the earlier hot-rolling processes.
During the fourth hot-rolling step of the co-rolling process of the TL-01 set, corresponding to a 62% total reduction, the U7Mo plate cracked, as can be seen in Figure 12 . This behavior, as well as the large reduction applied, can be attributed to the fact that, before being subjected to rolling, the rivets were removed from this set, which could have affected the control of the oxidation of the set. In the set TL-03, during the third hot-rolling step (47% total reduction), the cladding broke at the ends of the contact zone between the two alloys (Al-Si and Al-6061). The X-ray in Figure 14 shows a transversal fracture of the U7Mo plate and small cracks at the lower edge of the plate. The micrograph shows good bonding between the system components. In set TL-04, during the second hot-rolling step (17% total reduction), the cladding was broken at the ends of the contact zone between the two alloys (Al-Si and Al-6061) and in the contact zone of U7Mo and Al-Si. However, unlike sets TL-01 and TL-03, this kit does not present cracking in the U7Mo lamina as was found in the X-ray. The ultrasound image shows partial bonding in this kit after the co-rolling step. Sets TL-05 and TL-06 were subjected to simultaneous processes of TLPB and casting and show partial, discontinuous bonding along the meat, as can be seen in Figure 16 . The UMo alloy in sets TL-05 and TL-06, as in sets TL-01 and TL-03, cracked; this is attributed to the very thin plate and the large reduction applied (68% total reduction).
Conclusions
The technique of encapsulation with low carbon steel was highly effective for the manufacture of thin foils of uranium and UMo alloy. During the rolling process, the texture of the crystalline plane (110) is induced; this anisotropy of the material affects its mechanical properties.
For both techniques, sputtering and TLPB applied for co-rolling of UMo alloy, its results are partially acceptable and the fragmentation of the UMo alloy occurs with total reduction over 45%, with foil thicknesses between 300 and 500 µm.
